Turbulence measurements were conducted inside a porous-wall tube insert placed coaxially in a solid-wall outer tube. The outer tube diameter was 8 inches. The diameter of the inner tube was 6.5 inches. Three different porosities of 7.5, 15 and 22.5 percent were used for the inner tube. The average velocity of the flow in the outer tube was 55 ft/sec. The nominal Reynolds Number, based on diameter and mean velocity of the flow in the outer tube, is 2 x 105 . Results are presented for the three rms fluctuations, the Reynolds stress and the turbulence kinetic energy. The nature of the turbulence activity was examined by using the quadrant splitting scheme.
INTRODUCTION
The design of modern gas turbine flow systems employs computational fluid dynamics (CFD) techniques extensively. One of the key components of the flow systems is the flow of the coolant air through the combustor liner and its interaction with the main combustor flow. Transpiration cooling is the technique of introducing coolant air flow through a porous liner wall. This is a popular technique currently in use. In practice, the porous wall is constructed from perforated material. The individual perforations should be large enough to remain free from dirt blockage but small enough to prevent excessive air jet penetration [1] . The calculation of the complex flow field of the coolant air and its interaction with the main combustor flow is one of the major aspects of any CFD code that is employed for the gas turbine flow design.
Most CFD codes used by the gas turbine industry are based on some type of turbulence modeling. Since any turbulence modeling includes empiricism, it is essential that these codes be validated by comparison with known experimental data. This raises the issue of the availability of "good" experimental data. Examination of existing literature indicates that experimental data in sufficient detail, which could be used to validate CFD codes for this flow geometry, are not available. A generic experimental program is, therefore, undertaken with a twofold objective. The first objective is to obtain sufficient experimental data with which the physics of the flow can be well understood. The second objective is to provide experimental data for validating CFD codes. A detailed discussion on various techniques of combustor wall cooling is given in Reference [1] . Ballal and Lefebvre proposed methods for calculating film-cooled wall temperatures [2] . Some aspects of the design and performance of transpiration cooled combustion systems are given by Bayley and Turner [3] and by Bayley and Cornforth [4] . Development and application of improved wall cooling techniques was presented by Wassell and Banghu [5] .
The experimental setup used in this study was comprised of a solid-wall outer tube and a porous-wall coaxial inner tube of much shorter length. The flow for the porous inner tube, therefore, consists of an internal flow and annular external flow. The internal flow is affected by the annular outer flow due to the mass and momentum transfer through the porous wall. Careful measurements of mean velocities and turbulence quantities of the internal flow were made for various porosities and diameters of the inner tube.
The mean velocity distribution for flow on a surface with mass injection results in a modified logarithmic law [6] . For the present case of pipe flow with surface mass transfer, the mean velocity distribution was first studied by Ramamoorthy and Munukutla [7] . In the present paper, the details of the turbulence measurements are presented. The next section of the paper describes the experimental setup and the instrumentation used. Following that, the results of turbulence measurements are presented and discussed.
EXPERIMENTAL SETUP
The experimental setup consists of an 8 inch diameter plexiglass tube 13 feet long. One end of the tube is connected to an entrance section consisting of an air filter and honeycomb. The other end of the plexiglass tube is connected to the suction side of a blower which creates the air flow. Rough grain sandpaper was glued to the inside of the plexiglass tube at the entrance section for promoting flow development. A cylindrical insert, two feet in length and rolled out of perforated sheet metal, is placed coaxially in the plexiglass tube. The leading edge of the cylindrical insert was located approximately 16 diameters from the entrance of the plexiglass tube.
Three different diameters of 5.5 in., 6.5 in. and 7.5 in. were used for the cylindrical inserts though results are presented for the 6.5 in. case. For each diameter, three different porosities (open areas) of 7.5%, 15% and 22.5% were used. Thus, a total of 9 porous cylindrical inserts were tested. A schematic of the experimental setup is shown in Figure 1 . Turbulence measurements were made using two component hot wire anemometry. The turbulence signals from the hot wires were sampled and stored digitally using A/D converters and a PC AT computer.
RESULTS
In all cases, measurements were made along a vertical diameter of the two foot long porous tube at a distance of 18 inches from its leading edge. Before making measurements by placing the inner tube, detailed mean velocity and turbulence measurements were made in the 8 inch diameter plexiglass tube without the insert. The results agreed very well with standard pipe flow data [8] as shown in Figure 2 for the turbulence kinetic energy, thus validating the instrumentation and data acquisition and processing schemes. The mean velocity in the 8 in. diameter outer tube was 55 ft/sec, corresponding to a nominal Reynolds Number of 2 x 105 . It was found that the turbulence measurements were insensitive to Reynolds Number in this range. This is illustrated in Figure 3 where the turbulence kinetic energy for two different Reynolds Numbers of 1 x 105 and 2 x 105 are shown to agree with each other. In addition, the flow was found to be symmetric about the center. This is illustrated in Figure 4 where the data for u along two halves of a diameter are found to coincide with each other. All other results are, therefore, presented for one-half of the diameter only.
The mean velocity measurements in the porous tubes [7] indicated that the changes in the velocity profiles due to changes in the porosity were mostly confined to the wall region. For a given diameter of the inner tube, the change in the velocity profile in the inner region was increased when the porosity was increased. For a given porosity, the change in the velocity profile in the inner region was increased when the diameter of the inner tube was increased.
In other words, when the size of the annular region decreased, the effect on the inner region of the velocity profile was more pronounced.
The results for the various turbulence quantities are shown in Figures 5-10 . In all the figures the distance y was measured from the inner wall of the porous insert and was nondimentionalized by dividing by the radius of the porous insert. Figures 5-9 show the variation of u v ',w / , and k as functions of porosity for an inner tube diameter of 6.5 in. Here, v and w are the rms values of the three turbulence fluctuations. UT is the Reynolds stress and k is the turbulent kinetic energy. Shown in each figure are the corresponding curves for the 8" outer pipe with no insert (called the 8 in. straight case) and the 6.5 in. diameter solid wall insert (called the solid case). In all these figures, it would be interesting to compare the data for the 8 in. straight case with those of the solid case. It is to be noted that the flow in the 8 in. straight case is very close to a standard fully developed pipe flow, as shown in Figure 2 . On the other hand, the flow in the solid case was developed only over a short length ( 3 diameters) and the velocity profile at the inlet was already sheared. From this comparison, it can be concluded that the distribution of the turbulence quantities for the solid case are considerably different from those of the 8 in. straight case.
Examining Figures 5-9 for the variations of the turbulence quantities with the perforations, it can be seen that the differences are, once again, more pronounced in the near wall region. As we move away from the wall and near to the center, the results tend to collapse on to each other and on to the solid case. Figure 10 illustrates the effect of change of diameter on the turbulence kinetic energy for a porosity of 15%. It can be easily seen that the changes once again are more pronounced in the wall region. The changes are more pronounced with increasing diameter; in other words, with decreasing annular gap.
As seen from Figure 8 , the turbulent shear stress values show a large variation near the wall. These variations are again consistent with the results of the mean velocity measurements and the rms quantities of the fluctuations. Since there is more turbulence activity, the stresses are also high.
To examine the nature of the turbulence activity, the data were analyzed using the quadrant splitting scheme, as explained by Willmarth and Lu [9] . This scheme was applied to the data close to the wall and the results for an inner tube diameter of 6.5" are shown in Table 1 . The significant contribution to the turbulent shear stress comes from the second and fourth quadrants where u < 0, v > 0 and u > 0, v < 0, respectively. Again, out of these two, the second quadrant's contribution is more than that of the fourth quadrant. This indicates the dominance of burst type events over the sweep type events. Again, as can be seen from Table 1 , both the burst and sweep type events reduce as the perforation size is decreased. This gives an indication that the turbulence intensity is reduced as the perforation size is reduced. This is again consistent with the results of u /, v / and w / presented in Figures 5-7 . 
